ABSTRACT Nonlinear control and signal scheduling are the two difficulties for wireless networked control application in aero-engine. For aero-engine nonlinear complex flight conditions, the co-design of dynamic scheduling and robust H-infinity control method analysis was conducted by employing a class of aero-engine T-S (Takagi-Sugeno) fuzzy model based on flight envelop division. For each state space model of the fuzzy rules, the sufficient condition for the asymptotically stability of robust H-infinity controller design under MEF-TOD (Maximum Error First-Try Once Discard) scheduling strategy based on the Lyapunov function and switched system theory is deduced. Then the global fuzzy controller strategy was identified based on the parallel distributed compensation technology, which shares the same fuzzy rules with the T-S model. Finally, a TrueTime simulation example demonstrates the efficiency of the proposed method.
I. INTRODUCTION
As the approach of 5G era, wireless communication technology has received further sustainable development. In order to reduce the weight of aircrafts and avoid the unreliability of electric transmission media, the application of wireless control on aircrafts is the inevitable development trend. Once wireless communication is used, anti-interference capability and low bandwidth coping ability will become the first problem to be resolved as fast as possible. If network cannot run smoothly, signal scheduling must be active to ensure the control performance, thus, it is of great significance for the embedded design of scheduling strategy to nonlinear control.
At the present time, the adopted aero-engine controllers are still in the process of linear control and centralized control, which change the parameters for different flight conditions. Huge strides over the past decades in aerothermodynamics and material have improved engine performance and efficiency to an unprecedented degree, which on the other hand challenges the capability of control systems. Because of the complicated flight condition in the large flight envelop, complex wireless network constraints, disturbance, control system uncertainties always become more severe.
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For aero-engine controller design, flight envelop division is a common method to obtain multiple regions on the condition that certain performance indicators can be satisfied. Representative nominal working point from every region is chosen to build every small deviation state space model and design the corresponding controller. However, when the chosen working point is far away from the designed point, larger deviation will occur in the actual aero-engine working performance. Additionally, the aero-engine working condition will change complexly, inevitably arising system uncertainties such as parameter perturbations and outer disturbance, which has strong nonlinear characteristic and great influence on the adaptive capacity of controller to flight envelop regions. Furthermore, for aero-engine networked control system, problems of scheduling strategy and packet dropout, etc. cannot be ignored, so the controller design for nonlinear uncertain network-constrained system has become research hotspot in this field.
Currently in NCS (Networked Control System) research, reference [1] investigated the filtering problem for nonlinear NCS with time-varying delays. Reference [2] designed the H-infinity controller of NCS under denial-of-service jamming attacks. Reference [3] considered periodic eventtriggered control for NCS with packet dropout and time delay. Reference [4] addressed H-infinity observer-based sliding mode control for linear NCS with event-triggered scheduling.
Reference [5] proposed a predictive control method for flight NCS with packet dropout and uncertainties. Reference [6] considered with an improved event-triggered control for with resource constraints. Reference [7] proposed a hybrid scheduling method for NCS with packet dropout. Thus, nonlinear NCS together with active scheduling will be research hotspot in the NCS application area, especially in WNCS (Wireless Networked Control System) area.
As an essential nonlinear modeling method, T-S fuzzy model can approach nonlinear function at any precision on in the real space [8] . Subsequent structure of the model is local linear system, which is convenient for stability analysis using linear methods, so T-S receives attention in nonlinear modeling. Although dynamic process can be reproduced accurately by only using T-S model in aero-engine controller design, model error caused by some network uncertainties cannot be eliminated completely. Therefore, it can be more pragmatic and robust for the embedded design of real time scheduling strategy to H-infinity control in the nonlinear T-S aero-engine networked system. Recently, reference [9] adopted nonlinear H-infinity control theory to design the optimal controller for active magnetic bearing systems. Reference [10] proposed a power modulation controller based on the H-infinity design methodology. Reference [11] put forward an H-infinity active vibration control technique for a piezoelectric actuator. However, few researches can be found analyses both nonlinearity and signal scheduling in H-infinity controlling. Reference [12] analyzed dissipative-based fuzzy integral sliding mode control of continuous-time T-S fuzzy systems. Reference [13] focused on the observer-based output feedback control of T-S fuzzy systems. Reference [14] designed the event-triggered dynamic output feedback controller for T-S fuzzy systems under asynchronous network communications. However, few researches can be found considers with signal scheduling for the T-S fuzzy systems, especially in aero-engine networked system. Reference [15] investigated the optimal attack schedule in the wireless networked control system with multiple subsystems. Reference [16] presented a dynamic reconfiguration technique for the real-time scheduling. Reference [17] maximized the overall system performance based on the optimized periods and deadlines. However, the embedded of scheduling strategy into nonlinear control algorithms needs further investigation. In summary, it is necessary to design nonlinear controllers with network parameters for the future aero-engine ZigBee wireless NCS application considering with: 1) nonlinear system; 2) combined scheduling of input and output signals; 3)disturbing contained; 4) simulation switching technique of single-channel and multi-channel; and 5) aero-engine control application within the full flight envelop.
Considering the future trend of wireless communication and nonlinear control in the field of aviation and aerospace, this paper proposes a nonlinear T-S H-infinity control method embedded with TOD scheduling strategy based on the flight envelop division. Firstly, on each flight envelop point, the employed aero-engine T-S fuzzy model with the co-design of nonlinear state space equation and TOD scheduling algorithm is constructed. Then, the robust H-infinity controller is designed to maintain the asymptotic stability and robust performance of T-S aero-engine networked system by using Lyapunov function method and switched system theory. Finally, a TrueTime simulation example demonstrates the efficiency of the proposed method. The research provides some theory reference for nonlinear control of aero-engine wireless networked system with signal scheduling under different flight environments, aggressive interference and lowbandwidth conditions
II. T-S NONLINEAR MODEL FOR AERO-ENGINE NETWORKED CONTROL SYSTEMS
System description were provided in the previous literature [18] , and based on TOD scheduling strategy [18] - [20] , the four factors include η = network bandwidth, θ k = non-real-time data width, T = sampling period and P = data-packet capacity are defined. In order to include parameter T , P into aero-engine discrete state-space model, relationship between T , P and network delay τ should be obtained firstly. If network is schedulable and data-packet have no passive dropout, the expression at sampling time k is workable as follows. 
, When ignore the noise, the continuous state space model could be expressed as
where
According to the assumptions, Eq.(4) could be obtained by discretizing the continuous state space model.
Here, ω (k), v (k) are state variable and control variable after active scheduling, which can be expressed as
, where σ (k) and σ (k) are scheduling matrixes of system state variable and control variable at sampling time k. VOLUME 7, 2019 Set β = max (5) can be obtained by Eq. (4) as follows.
where H = e A c (T /2) . According to the assumption of system with parametric certainties, the problem of design an controller v (k) = K σ ω (k) based on state feedback is employed, where K σ ∈ R m×n is the controller gain matrix, then a joint design method with network and control parameters in consideration for aero-engine networked control systems is obtained by Eq. (5) as follows. 
where R i is i-th fuzzy rule; H f is flight height and Ma is Mach number; 1i and 2i are the corresponding fuzzy sets of H f and Ma. On the basis, the global fuzzy model for any working point in the flight envelop can be obtained as follows.
is the membership function value in the fuzzy set ψ mi under the antecedent flight condition of the Eq. (7). From the definition,
III. EMBEDDED DESIGN OF OPTIMAL T-S H-INFINITY CONTROLLER WITH SCHEDULING
As aero-engine networked control systems include bus network, Quality of Service (QoS) conflicts with Quality of Performance (QoP). Better QoP requires higher sampling frequency and lossless transmission for state and control variables in every sampling period. However, with the bandwidth limitation of bus network, it is impossible to increase sampling frequency and data packet capacity without limit. Thus, T and P will be the undetermined parameters in the controller design, and
, where S 11 , S 22 are square matrices, then the following three conditions are equivalent:
Lemma 3: For any proper dimension of matrices U ij , V pq , (1 ≤ i, j, p, q ≤ r) and symmetric positive definite matrix T , the following is satisfied: 
which is the controller gain under i-th fuzzy rule), and the following conditions are satisfied: (a) The global fuzzy system is asymptotic stable; (b) On the zero-initial condition, for bounded external disturbance d (k) which satisfies
Theorem 1: For ∀i, j ∈ {1, 2, · · · , θ}, j > i, and ∀σ ∈ {1, 2, · · · , N } (1 − N represent data transport patterns), if there exist common positive definite matrices W , Q, S, scalars ε 1 > 0, ε 2i > 0, ε 2j > 0, and γ > 0 such that inequality (9), (10) , as shown at the top of the next page, hold, the global fuzzy system (8) is asymptotic stable with the H ∞ norm bound γ . WhereW = W −1 ,Q = Q −1 ,S = S −1 , ' * ' denote the entries of matrices implied by symmetry.
Proof: Choosing the Lyapunov functional as
For easy deduction, the following definitions are given: According to Lemma 3, the equation shown at the top of the next page is given.
is given in the equation shown at the top of the next page.
Considering 0 < µ i < 1, (i = 1, 2, · · · , θ), when (11) and (12) hold, as shown at the bottom of page 6, if d (k) ≡ 0, V (k) < 0, so the system (8) is asymptotic stable; else
From the stability analysis above, it needs to satisfy inequalities (11), (12) to maintain the closed-loop system asymptotic stability with H ∞ performance based on T-S fuzzy flight envelop model. By Lemma 1,2, inequalities (11), (12) are equivalent to inequalities (13) , (14) , as shown at the bottom of page 6, where
then according to Lemma 1,2 again, and pre-multiplying and post-multiplying (13), (14) by (10) . The proof is completed.
IV. SIMULATION AND RESULT ANALYSIS A. AERO-ENGINE T-S NONLINEAR MODEL
200 normalized data (120 for training and 80 for checking) from AL-31F aero-engine is input into the T-S fuzzy nonlinear model which is adaptively optimized by Artificial Neural Network (ANN), and the initial membership function is shown in Fig.1 . Then the final membership functions (Fig.2, 3 ), training results (Fig.4) , checking (predicting) results (Fig.5) , and errors (Fig.6 ) are obtained. According to VOLUME 7, 2019
the final membership functions, the four optimal T-S fuzzy rules with the selections of H f and Ma are organized as follows, and the small deviation state space parameters are obtained by aero-engine NCS semi-physical platform under each fuzzy rule. 
, where n L = low-pressure rotor speed; n H = high-pressure rotor speed; m f = main chamber fuel delivery; A 8 = nozzle area. In order to check the model nonlinearity, four random conditions are chosen in the flight envelop, and the membership values are calculated through the final membership functions and shown in Tab.1.
B. CONTROLLER DESIGN AND RESULT ANALYSIS
To verify the approach, TrueTime simulation platform [18] and the simplified block model of aero-engine wireless networked control is established shown in Fig.7 and Fig.8 , The TrueTime Sends were triggered by the fixed waveform, and although the sensor, controller and actuators could communicate with each other in the single channel, the realization of multi-channel by introducing the TrueTime Sends could present the dynamic scheduling more visually. When the signals were limited to transmit, the self-contained single channels would be working to transmit the rest signal of sensor or controller, and the corresponding TrueTime sends would not get and send message even if they were triggered. When the signals were not limited, the TrueTime Send multichannels would be working to transmit all the sensor or controller signals, and the self-contained single channels would not send message. Through the presented simulation technical method, signal limitation and scheduling could be realtime observed by the service of single channels.
As the relation between real-time bandwidth and physical bandwidth is where the parameters are initialed as T = 0.015s, P = 3, η = 30000bit/s, ι=110, θ k = 80bit, and the interference sending probability = 20%. These network parameters were chosen FIGURE 9. System step response results of T , P = (0.015s, 3).
FIGURE 10.
System step response results of T , P = (0.008s, 2).
FIGURE 11.
Comparison between the proposed controller and controller in reference [21] .
by heuristic algorithm, and the variable calculation iterations were about 40 times with the suitable step length. There will be some alternative if the corresponding conditions have the same optimal upper bound, and the best network parameter combination should be picked out according to QoP. Because there are two states and two control input signals Under the four checking conditions, output step responses are shown in Fig.9 . From the figure, asymptotic stability can be ensured, and the better robustness of the nonlinear controller can be indicated. As P = {1, 2, 3, 4}, if P = 4, all of the signals will be transmitted, and the presented scheduling method will not work. If P = 1, the QoP will be worse and the state variables are hard to converge. Thus, if P = 2, the best T = 0.008s which can be calculated through heuristic optimization. For comparing, after changing the two parameter T , P = (0.008s, 2), the results (in Fig.10) showed the obvious state errors and a degree of decrease for system dynamic performance. Thus, it proved the network influence on control performance in the joint design model. For comparison, aero-engine T-S fuzzy sliding mode controller based on flight envelop division proposed in our previous research [21] is employed. Although the sliding mode controller is not embedded with scheduling algorithm, it has the advantage of anti-interference and self-adaption performance. Under the above network condition of T = 0.015s, P = 3, and the interference sending probability = 20%, system state response curves are shown in Fig.11 . According to the result, the TOD embedded T-S H-infinity controller has better QoP in the circumstance of data-packet transmission restraints, and the self-adaption of the T-S sliding mode controller cannot reduce the chattering caused by controller or actuator data missing. Thus, the effectiveness of the proposed approach has been verified.
Partial scheduling results is shown in Fig.12,13 , and from bottom to top, they are disturbance signal (1), signal reserved for H f and Ma in the future research (2), TrueTime send3 (3), TrueTime send4 (4), TrueTime send5 (5), TrueTime send6 (6), scheduling signal (7), single controller signal (8) . For each curve, low situation means 'unsent', middle situation means 'waiting to send', high situation means 'sending'. After the system tends to be stable in the middle phase (Fig.13) , the curve (8) shows that the controller begins to send all of the two control signals with the help of TrueTime send3 (3) and TrueTime send4 (4), which means the state errors may be less enough for the system to limit the two state signals rather than the two control signals.
V. CONCLUSION
In this paper, the traditional time-invariant aero-engine networked control system was extended to the full flight envelop nonlinear systems with active signal scheduling. Wireless simulation switching technique of single-channel and multichannel was adopted to verify the QoP under the interference and intelligent scheduling network. Dynamic signal scheduling and H-infinity stabilization for a class of nonlinear aero-engine wireless networked control systems with external disturbances has been investigated. The adaptive T-S fuzzy system is modeled based on flight envelop division, then a co-design method of MEF-TOD dynamic scheduling strategy and the robust H-infinity controller is developed to guarantee the asymptotic stability and good robust performance of the closed-loop aero-engine networked control systems. Under four random conditions, simulation with real aero-engine data has been given to demonstrate the effectiveness of the proposed scheme.
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